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We study the internal structure of nanometer-sized D2O-nonane aerosol droplets formed in super-
sonic nozzle expansions using a variety of experimental techniques including small angle X-ray
scattering (SAXS). By fitting the SAXS spectra to a wide range of droplet structure models, we find
that the experimental results are inconsistent with mixed droplets that form aqueous core–organic
shell structures, but are quite consistent with spherically asymmetric lens-on-sphere structures. The
structure that agrees best with the SAXS data and Fourier transform infra-red spectroscopy measure-
ments is that of a nonane lens on a sphere of D2O with a contact angle in the range of 40◦–120◦.
© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4881423]
I. INTRODUCTION
Aqueous-organic nanodroplets are a subject of contin-
uing interest for environmental and aerosol scientists.1 In
the atmosphere, some of these nanodroplets can grow large
enough to form Aitken nuclei and possibly, cloud conden-
sation nuclei. The size and the number of these droplets
affect the optical properties of clouds which can influence
weather patterns and the earth’s temperature. The microstruc-
ture of these droplets is an important determinant of their
chemical behavior and their albedo.2, 3 For droplets small
enough to act as critical nuclei in vapor-liquid phase tran-
sitions, surface composition determines the surface free en-
ergy which in turn strongly affects the rate of formation of
these droplets.1, 4, 5 The structure of aqueous-organic droplets
ultimately depends on complex molecular interactions among
the chemical species comprising the droplet. In more macro-
scopic terms, important parameters are surface and interfa-
cial tensions, which influence wetting, and mutual solubil-
ities, which affect liquid-liquid phase separation within the
droplets. Many organic compounds have very low solubili-
ties in water, and, as a result, these mixtures display mis-
cibility gaps separating water-rich and organic-rich phases
within the droplet.6–8 In particular, surface active components
are likely to form films covering the droplets,8–10 and in-
deed Tervahattu et al. found evidence that fatty acids form
a surface coating on marine aerosol particles.11, 12 Aqueous-
organic aerosol droplets may also adopt radically different
structures depending on their overall composition, on the sol-
ubility of organic compounds in the aqueous phase, and on
the relative humidity.6, 13–18 Moreover, as shown by Reid and
co-workers for micrometer sized droplets,15, 16 and discussed
in more detail in this paper for nanometer sized droplets, they
are not necessarily spherical.
The goal of this work is to probe the internal struc-
ture of binary aqueous-organic nanodroplets by combining
the results of experiments and fits to different droplet struc-
ture models. The models include both spherically symmetric
structures and asymmetric structures based on those observed
in the molecular dynamics (MD) simulations of Hrahsheh
and Wilemski.18 We produce the binary nanodroplets by co-
condensing D2O and nonane in a supersonic nozzle, char-
acterize the condensation process using pressure trace mea-
surements (PTM) and Fourier Transform Infrared (FTIR)
spectroscopy, and measure the Small Angle X-Ray Scatter-
ing (SAXS) spectra of the composite nanodroplets. The latter
is sensitive to the size and structure of the nanodroplets. To
determine reasonable structural parameters for the droplets,
we assume that the aerosol is a polydisperse collection of
droplets that all have the same structure. We use the scatter-
ing form factor corresponding to the chosen structure, incor-
porate the effects of aerosol polydispersity, and optimize the
parameters to best match the experimental results. Although
the X-ray scattering contrast between nonane and D2O makes
it difficult to distinguish between alternative structures, the
fit parameters also yield the amount of each species that has
condensed and the overall composition of the aerosol. These
two quantities can be compared to the independent quantita-
tive aerosol composition measurements available from FTIR.
While a D2O-core/nonane-shell structure is physically plausi-
ble because water and nonane are immiscible and the nonane
surface tension is only ∼30% of that of D2O, we find that
this structure is inconsistent with the results of SAXS mea-
surements. Instead, we find that the droplet structure most
consistent with SAXS fitting is equivalent to a spherical lens
of nonane on a sphere of D2O—a structure inspired both
by the MD simulations of Hrahsheh and Wilemski18 and
the experiments with micrometer size droplets of Reid and
co-workers.15, 16 Even this structure, however, underpredicts
the amount of D2O condensed by ∼30%–40% and overpre-
dicts the amount of nonane by ∼10% compared to the FTIR
measurements.
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II. EXPERIMENTS
The experimental set-up and analysis methods have been
described in detail in our earlier papers19–22 and are only sum-
marized briefly here. In the experiments, a well-defined mix-
ture, comprised of D2O and/or nonane vapors in the carrier
gas N2, is continuously produced by vaporizing the liquids
and combining them with N2 produced by vaporizing liq-
uid N2. The total mole fraction of condensable in the mixed
stream is determined from the measured condensable and N2
flow rates, and is always less than 5%. The gas mixture en-
ters the supersonic nozzle and expands from a well-defined
and accurately measured stagnation temperature and stagna-
tion pressure. As the vapor mixture expands, it cools and the
vapors condense to form a high number density aerosol com-
prised of pure or mixed nanodroplets.
Two supersonic nozzles with the same expansion profile
are used in this work. Both are machined from aluminium
with contoured top and bottom surfaces and flat side walls.
They nozzles differ in the window material used in the side-
walls. The nozzle used for pressure and spectroscopy mea-
surements had CaF2 windows, that used for SAXS had thin
mica windows.
A. Characterizing the flow
Accurately characterizing the flow with respect to static
pressure p, temperature T, density ρ, velocity u and mass frac-
tion condensate g, is an important first step because these vari-
ables help us better evaluate and constrain the SAXS data and,
therefore, the droplet structure. To fully characterize the prop-
erties of the flow we combine the results of axially resolved
static pressure and FTIR measurements in an iterative data
analysis procedure described in detail in Pathak et al.23
Summarizing briefly, we first measure p along the noz-
zle axis while the vapor is condensing and for the carrier gas
alone. The latter yields the effective area ratio of the dry ex-
pansion (A/A*)dry where A is the area of flow and A* is the
area at the nozzle throat. We use (A/A*)dry as a first esti-
mate for the area ratio corresponding to the condensing flow
(A/A*)wet. We then use (A/A*)dry and p together with the gov-
erning equations for mass, momentum, and energy balance,
and the ideal gas law to estimate the other variables – T, ρ, u,
and g – as function of position in the nozzle.
Next, we measure axially resolved absorbance spectra
using a FTIR spectrometer to determine the distribution of
condensable between the vapor and aerosol phases. This anal-
ysis requires the density of the mixture, and as a first estimate
we use the values based on pressure measurements alone. We
then solve the governing equations with the condensate mass
fractions derived from FTIR measurements for D2O gD2O,FTIR
and nonane gnonane,FTIR, and the static pressure measurements
as the known variables to get improved estimates of T, ρ,
(A/A*)wet, and u. Finally, we reanalyze the FTIR spectra using
the improved density estimates and repeat the process until
the unknown variables converge.23
B. Characterizing the aerosol
To characterize the aerosol we conducted SAXS ex-
periments at the 12 ID-C beamline at the Advanced
Photon Source (APS), Argonne National Lab (ANL). The
X-ray beam has a cross-section 0.2 mm × 0.2 mm with a
wavelength λ of 0.103 nm and a spread λ/λ of 0.01%. The
X-rays pass through the nozzle at a right angle to the flow,
are scattered from the nanodroplets, and the scattered X-rays
are collected using a 2-dimensional charge-coupled-device
(CCD) detector. The two dimensional spectra is then con-
verted into a 1-dimensional spectrum of scattered X-ray inten-
sity (I) versus the magnitude q of the scattering vector, where
q = 4π
λ
sin(θ/2) and θ is the scattering angle. The data are
placed on an absolute intensity scale as described in Manka
et al.20
We analyze the spectra using either the APS or NIST24
small angle scattering data analysis packages. For pure com-
ponent droplets we use the APS analysis package and assume
scattering stems from a polydisperse collection of spheres that
follow a Schulz distribution.25 This yields the values of aver-
age radius 〈r〉, the spread σ of the size distribution, and the
scale factor I(0), i.e., the intensity as q→0. I(0) is related to
the number density of the droplets N by
I (0) = N〈V 2〉(ρb)2, (1)
where 〈V 2〉 is the mean square particle volume and ρb is the
scattering length density. The parameters can then be used to
calculate the volume fraction of the aerosol .
For the binary droplets we use the NIST SANS anal-
ysis package24 and again assume the droplet sizes follow a
Schulz distribution. In most cases we used the macros avail-
able in the analysis package, but for the non-standard droplet
structures we developed our own macros. The analysis yields
the structural parameters, the polydispersity σ /〈r〉, and the
volume fraction , from which we calculate the average
composition of the droplets.
III. THEORY
With volume fractions  on the order of 10−6, the
aerosols formed in this work are dilute. Thus, the inter-
particle correlations are extremely weak, and the scattered in-
tensity I(q) as a function of the magnitude of the scattering
vector q can be well approximated by the sum of contributions
from all particles. In a polydisperse, multicomponent aerosol,
the particles can vary widely in size, composition, and struc-
ture, and we can imagine grouping particles with different sets
of these characteristics into different classes. If Nj is the num-
ber density of particles in class j, the scattered intensity is then
given by




where P(q) is the mean particle form factor.26 The particle







where fj(q) is the particle form amplitude for a particle in class
j. The brackets depict the average over all possible orienta-
tions 	 of the particle, and are required when particles do not
have spherical symmetry. The particle form amplitude for a
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FIG. 1. Possible structures for D2O-nonane nanodroplets based on DFT and MD simulations. In these figures R1 is the radius of the nonane sphere/lens, R2 is
the radius of the D2O sphere, and d is the distance between the centers of the two domains. The three structures also correspond to different values of the contact
angle θ c of nonane on D2O. In particular, (a) the sphere-in-sphere structure derived from DFT corresponds to θc = 0◦; (b) the lens-on-sphere structure derived
from MD simulations corresponds to values of θ c between 0◦ and 180◦, and in this case θ c = 76◦; and (c) the sphere-on-sphere structure, a simplification of the
MD result that corresponds to θ c = 180◦.




ρb(r) exp(iq · r)dr, (4)
where ρb(r) is the particle’s scattering length contrast den-
sity with respect to its surroundings. The integration is carried
out over the effective particle volume Vj, which, in principle,
is determined by the surface on which ρb(r) = 0. For an
actual inhomogeneous particle, this surface would lie at the
outer edge of a particle’s diffuse interfacial zone. In our mod-
eling calculations, this surface is a sharp interface separating
regions of constant contrast density (within the particle) from
the region of zero contrast density surrounding the particle.
Recent molecular dynamics simulations of water-nonane
nanodroplets indicate that the composite droplets are moder-
ately nonspherical and strongly phase-separated into water-
rich and nonane-rich regions.18, 27 A simple, but realistic
model of these droplets is a spherical lens of nonane that par-
tially wets a sphere of water with a contact angle θ c as shown
in Figure 1. For this model, the integration to find fj(q) is per-
formed using a method similar to that of Fütterer, Vliegen-
thart, and Lang28 who treated the special case of a hemispher-
ical cap of uniform density. The derivation for Pj(q) is rather
involved and is briefly described in Ref. 29. The expression
for Pj(q) which is derived from Eq. (3) is given in the Ap-
pendix. It should be noted that in this expression the subscript
j stands for narrow ranges of R2, the radius of the D2O sphere,
since the nonane droplet radius, R1, was assumed to be a con-
stant multiple of R2, R1 = γR2, with γ treated as a fitting
parameter.
For different values of θ c, the lens-on-sphere model re-
duces to the special cases of sphere-on-sphere (θ c = 180◦)
and sphere-in-sphere (θ c ≈ 0◦) models. The sphere-in-sphere
structure was suggested by earlier density functional the-
ory (DFT) calculations for a binary hard sphere-Yukawa
system.30 These model structures are also illustrated in
Figure 1. After calculating the form factors for these struc-
tures from scattering theory, we incorporate aerosol poly-
dispersity by deriving the polydisperse form factor P(q)





Here, h(r) is a probability density function for the number
distribution of particles as a function of D2O sphere radius, r,
as discussed above. In Eq. (5) p(r,q) plays the role of Pj(q) in
Eq. (2) and h(r)dr is equivalent to Nj/N. The upper limit of the
above integral should be infinity but for our experiments we
find that for values of r greater than 〈r〉 + 4σ , the integrand
is essentially zero. The probability density function which we








−z + 1〈r〉 r
]/
(z + 1), (6)
where z = (〈r〉/σ )2 − 1. The theoretical scattering intensity is
then calculated from Eq. (2).
IV. EXPERIMENTAL RESULTS AND ANALYSIS
The experimental conditions used to generate the nan-
odroplets are noted in Table I. The table lists the mass
fractions, gmax, of nonane and D2O entering the nozzle, as
a function of the nominal stagnation pressure of the con-
densable vapor pv0. A more detailed analysis of the par-
ticle formation and condensation process is available in
Pathak et al.23
A. Analysis of SAXS spectra for unary droplets
Analyzing the scattering spectra from pure aerosol
droplets is both a well-developed and straightforward process.
Nevertheless, we start with this analysis in order to establish
more quantitative criteria for determining whether a binary fit
is adequate or not. We also demonstrate the usefulness of the
model independent Guinier analysis in constraining the size
of the droplets.
Figure 2 illustrates the experimental SAXS spectra
(points) for the droplets comprised of either pure nonane or
pure D2O along with representative fits to the data (lines). Er-
ror bars are included for the pv0 = 625 Pa nonane data and the
pv0 = 683 Pa D2O data, and are negligible (less than 2% of the
measured intensity) for q < 0.5 nm−1. Above q ∼ 1–2 nm−1
error bars are generally greater than 10% of the measured in-
tensity. Because the pure nonane droplets have radii as large
as 25 nm, the sample-to-detector distance was set to 2.13 m,
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TABLE I. A summary of the unary and binary experiments conducted includes the values of gmax for D2O and
nonane as a function of the nominal pv0 for each species. The actual pv0 are within 20 Pa of these values, and the
exact values are listed in Tables III and IV. All experiments started from a stagnation temperature of 308 K and a
stagnation pressure of 30.2 kPa.
Nonane pv0 = 0 Pa pv0 = 320 Pa pv0 = 490 Pa pv0 = 620 Pa
D2O gmax,D2O gmax,nonane gmax,D2O gmax,nonane gmax,D2O gmax,nonane gmax,D2O gmax,nonane
pv0 = 0 Pa 0 0.047 0 0.070 0 0.088
pv0 = 360 Pa 0.0082 0 0.0082 0.047 0.0082 0.070 0.0081 0.088
pv0 = 540 Pa 0.0124 0 0.0124 0.046 0.0121 0.070 0.0121 0.088
pv0 = 700 Pa 0.0162 0 0.0162 0.048 0.0161 0.070 0.0159 0.088
corresponding to qmin = 0.08 nm−1, for these experiments as
well as the binary experiments. For the smaller D2O droplets,
qmin = 0.19 nm−1 is adequate. The fits in Fig. 2 appear to
match the experimental data quite well.
To quantify the goodness-of-fit we use √χ2red, the square















where df is the degrees of freedom, Npoints is the number of
data points used in the fit, m is the number of fitted parame-
ters, Imeasured,i is the observed value of the data point i, Ifit,i is
the expected value from the fitted model, and si is the experi-
mental uncertainty associated with the data point i.
Ideally, √χ2red should be close to 1. Values of
√
χ2red greater
than 1 indicate that the model does not capture the data per-
fectly or that s2i is underestimated. Figure 3 illustrates typi-
cal
√
χ2red values corresponding to two pure component exper-
iments as a function of position in the nozzle. The relatively
low values,
√
χ2red < 10, indicate that the fits are good. Gen-
erally,
√
χ2red increases with distance from the throat as both
droplet size and droplet number densities increase. At a fixed
value of q, therefore, I increases while the standard deviation s
is a much smaller fraction of I. Thus, we have larger values of√
χ2red even though the discrepancy between the experimental
and predicted data is not discernible by eye.
SAXS spectra can also be analyzed in a model indepen-
dent manner by focusing on the region of low q, i.e., where
q〈r〉 < 1. This region is called the Guinier region, and in this
region,
ln I (q) = ln I (0) − q2r2G/3. (8)
Thus, a plot of ln I(q) vs q2, yields the radius of gyration, rG
from the slope and I(0) from the intercept. Figure 4 illustrates
a typical Guinier fit for pure nonane droplets.







and we can use Eq. (9) to calculate rG and Eq. (1) to calculate
I(0) from the parameters of the full fit. The values for rG and
I(0) derived this way are compared to each other in Fig. 5 and
agree very well. In particular, the values of rG are within 5%
of each other and show no systematic deviation from perfect
agreement. The error bars on the Guinier fit are calculated
based on the subjectivity in choosing the range of points to fit
and are smaller than the symbol size. The polydispersities of
FIG. 2. The experimental SAXS spectra measured near the nozzle exit for (a) pure nonane droplets and (b) pure D2O droplets. The fits to the data assume the
spectra correspond to scattering from a polydisperse collection of spheres and the values of 〈r〉 obtained from the fits are noted in the figures. For clarity, the
top two spectra in (a) and (b) have been offset by factors of 100 and 10, respectively. The top spectrum in each figure includes error bars but these are only
significant for q > 1 nm−1.
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FIG. 3. The values of
√
χ2red for the fits to the SAXS spectra increase by up
to a factor of 5 as a function of position in the nozzle, but are always less than
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FIG. 4. A typical Guinier plot for pure nonane droplets. Here pv0 = 322 Pa
nonane, the circles correspond to the data, and the line is the fit.
the aerosol size distributions are σ /〈r〉 ∼ 0.2–0.3, and, thus,
the values of rG are also quite close to the number average
radius, i.e., rG/〈r〉 ∼ 1–1.2 from Eq. (9). The values of I(0)
shown in Fig. 5(b) calculated from the Guinier fit are within
12% of the values calculated from the full fit. The error bars,
that arise from the choice of the range of points to include, are
of the order of 5%.
In summary, our analysis of the pure component droplets
shows that
√
χ2red values less than 10 correspond to good fits to
the scattering data. Furthermore, for a good fit the parameters
from model independent Guinier analysis and those derived
from the full fit agree well.
B. Analysis of binary SAXS spectra
At first glance the SAXS spectra of mixed binary
droplets, illustrated in Figure 6, do not look significantly dif-
ferent from those corresponding to the pure droplets illus-
trated in Fig. 2. The binary droplets are always larger than
pure D2O droplets because, as discussed in detail in our ear-
lier work,23 even if D2O nucleates first, nonane rapidly con-
denses onto the newly formed particles increasing their size.
Although we know that water and nonane do not mix macro-
scopically, and computer simulations suggest they phase sepa-
rate even in nanodroplets,4, 8, 18, 27 we nevertheless investigated
whether the SAXS spectra were consistent with scattering
from well-mixed spherical structures. Given that the scatter-
ing length density for D2O and nonane differ by only 22%,
it was not at all clear whether the scattering curves would be
sensitive enough to yield structural information or even rule
out the well-mixed sphere model.
Figure 6(a) illustrates the fits to the data taken near
the nozzle exit at three different compositions of the con-
densing vapor that vary from water-poor/nonane-rich to
water-rich/nonane-poor conditions. In the former case (water-
poor/nonane-rich) the fit appears very good, comparable to
that for pure nonane droplets. In the latter case (water-
rich/nonane-poor) there is a subtle but distinct mismatch be-
tween the fit and the data between 0.3 nm−1 < q < 0.7 nm−1
FIG. 5. The parameters from the Guinier fit are compared to those based on the full fit. (a) The radius of gyration, rG. (b) The scale factor I(0). The straight
lines depict perfect agreement.
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FIG. 6. (a) Fits of the binary SAXS spectra assuming that the aerosol is a polydisperse collection of well-mixed spheres. For clarity, the spectra corresponding
to 618 Pa nonane + 367 Pa D2O and 487 Pa nonane +538 Pa D2O are offset by factors of 100 and 10, respectively. Error bars are shown only for the lowest
spectrum and are only significant for q > ∼1 nm−1. (b) The values of
√
χ2red as a function of distance from the throat for the three cases illustrated in (a). The
worst fits correspond to droplets that form when the D2O concentration is high and the nonane concentration is low.
and again for q > 1.1 nm−1. It is unusual for a fit not to match
a well defined “flat background,” but subtracting an average
background from the data and refitting simply leads to a fit
that is consistently below the data for q > 0.3 nm−1.
To better quantify the mismatch between the “well-mixed
sphere model” and the data, we examined the change in √χ2red
as a function of position as illustrated in Figure 6(b). As in
the unary case,
√
χ2red increases as we move downstream of the
nozzle and droplet size increases. For the water-poor/nonane-
rich case the magnitude and behavior of √χ2red is very similar
to that for the pure nonane droplets formed at the same nom-
inal nonane partial pressure illustrated in Fig. 3. This result
is consistent with our earlier work23 that showed that during
these experiments less than 5% of the D2O condensed. In con-
trast, for the water-rich/nonane-poor conditions there is visi-
ble deviation between the fit and the data and √χ2red is more
than 2.5 times higher than the values observed for the pure
component aerosol. Although the degree of deviation differs
between cases, the nature of the deviation is the same for
almost all of the binary spectra. Thus, we find that except for
the extreme case – that of essentially pure nonane droplets
noted above – the model of well-mixed spheres does not pre-
dict our experimental data well, and hence, we need to con-
sider other particle morphologies. To enhance our ability to
distinguish between droplet structures, we focus on the spec-
trum corresponding to the highest pv0 of D2O (704 Pa) and
lowest pv0 of nonane (325 Pa) at the nozzle exit because this is
the spectrum that exhibits the largest deviation from the scat-
tering from well-mixed droplets. The structure we determine
by fitting this scattering spectrum is expected to be represen-
tative of the structure for all binary droplets.
Mixtures that exhibit a bulk miscibility gap often form
core-shell structures.4, 6, 8, 10, 31 Thus, we next considered two
forms of the spherically symmetric core-shell structure. The
results of these fits are illustrated in Figure 7, and the values in
the inset of the graph are the fit parameters. Here, 〈rcore〉 is the
average core radius and 〈δshell〉 is the average shell thickness.
The droplets are assumed to be polydisperse and in the fit we
FIG. 7. Fits of the SAXS spectrum corresponding to 325 Pa nonane + 704 Pa D2O to (a) a D2O-core/nonane-shell structure and (b) a nonane-core/D2O-shell
structure. Note that in (a) 〈rcore〉, which implies a pure nonane drop. Reprinted with permission from H. Pathak, B. E. Wyslouzil, A. Obeidat, and G. Wilemski,
AIP Conf. Proc. 1527, 472 (2013). Copyright 2013 American Institute of Physics.
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TABLE II. The sensitivity of fit parameters to different droplet structures. The numbers are bolded when mass balance is violated.




 × 106 wt.% D2O
Well-mixed 10.62 9.2 0.29 0.66 0.84 5.83 21
Core:D2O shell:nonane 〈rcore〉 〈δshell〉
0 10.62 9.9 0.29 0 1.09 6.27 0
10.62 0 6.6 0.29 3.13 0 4.2 100
Core:nonane shell:D2O 〈rcore〉 〈δshell〉





Nnon ND2O Nonane D2O
Constraint
gnonane = gFTIR and gD2O = gFTIR 12.8 8.5 4.9 3.1 0.20 0.20 0.66 0.84 5.7 21
gnonane = gFTIR 12.2 4.6 5.5 10.8 0.22 0.63 0.83 0.84 5.91 25
gD2O = gFTIR 12.0 3.3 6.2 17.0 0.23 0.77 0.66 0.90 6.05 20
Sphere-in-sphere 10.6 3.2 9.9 0.30 0.12 1.06 6.25 4
Sphere-on-sphere 11.0 4.4 8.9 0.25 0.28 1.05 6.37 8
Lens-on-sphere (θ c = 76.3◦) 11.3 4.8 8.2 0.25 0.35 1.01 6.27 10
Lens-on-sphere (θ c = 40◦) 11.4 4.7 8.4 0.25 0.33 1.06 6.31 10
maintained the ratio rcore/δshell constant as we varied the value
of rcore.
Given that the surface tension of nonane is ∼1/3 that of
water, the physically reasonable case corresponds to a D2O
core covered by a shell of nonane. When we analyze our ex-
perimental data using this structural model, however, the re-
sultant fit is identical to that derived assuming a well-mixed
droplet. Furthermore, depending on the initial parameter esti-
mates, the fit converges to structures corresponding to either
pure D2O or pure nonane droplets with the same values of 〈r〉,
spread σ , and I0. The only parameters that change are aerosol
number density N, or volume fraction , because these de-
pend on the square of ρb, i, the difference in the scattering
length densities of the pure component i and the surround-
ing N2 gas. When we evaluate ρb, i at T = 235 K, N and 
each vary by a factor of (ρb, D2O/ρb, nonane)2 = (9.12/7.48)2
= 1.49 depending on whether the mathematical solution con-
verges to pure D2O or pure nonane droplets. Incorporating the
temperature dependence of ρb, i changes N by less than 5%.
Although it is not physically consistent to do so, when we
switched the locations of D2O and nonane within the core-
shell drop, the fit to the data appears quite good with √χ2red
< 10. This structure is unrealistic for at least three reasons.
First, the large difference in the surface tension between the
two compounds means that this configuration is not stable
from a thermodynamic point of view. Second, water wets
nonane very poorly, but such a core shell structure implies
the opposite, i.e., a contact angle for water on nonane of 0◦.
Finally, the fit parameters for this model predict a D2O con-
densate mass fraction that is 2.8 times the amount of D2O
entering the nozzle, severely violating mass balance.
The top three entries of Table II summarize the fit param-
eters derived by assuming the droplets adopted spherically
symmetric well-mixed or core-shell droplet structures. The ta-
ble also reports the fraction of D2O (gD2O/gmax,D2O) and the
fraction of nonane (gnonane/gmax,noname) entering the nozzle that
condensed, the volume fraction of the aerosol and the average
composition of the droplets (wt.% D2O), that are calculated
using the model fit parameters. The values reported for the
well-mixed droplet are those measured by FTIR and are con-
sidered the standard against which the other values should be
compared.
FIG. 8. Fits of the scattering spectrum corresponding to 325 Pa nonane + 704 Pa D2O to an aerosol comprised of pure nonane and pure D2O droplets. (a) The
nonane and D2O volume fractions are both constrained to match those derived from FTIR. (b) The volume fraction of nonane is constrained and that of D2O is
allowed to vary. (c) The volume fraction of D2O is fixed and that of nonane is allowed to vary. Reprinted with permission from H. Pathak, B. E. Wyslouzil, A.
Obeidat, and G. Wilemski, AIP Conf. Proc. 1527, 472 (2013). Copyright 2013 American Institute of Physics.
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FIG. 9. Fits to the scattering data corresponding to 325 Pa nonane + 704 Pa D2O assuming the droplets adopt (a) a sphere-in-sphere structure; (b) a sphere-on-
sphere structure; or (c) a lens-on-sphere structure with a contact angle of 76◦. Reprinted with permission from H. Pathak, B. E. Wyslouzil, A. Obeidat, and G.
Wilemski, AIP Conf. Proc. 1527, 472 (2013). Copyright 2013 American Institute of Physics.
Thus, a perfect structural fit should match the SAXS
spectrum as well as predict that 66% of the D2O and 84%
of nonane has condensed, and that the average droplet com-
position is 21 wt.% D2O.
When we assume the droplets adopt a D2O-core/nonane-
shell structure, the fit parameters are identical to those found
for the well mixed case since the best fit always corresponded
to either 〈rcore〉 = 0 or 〈δshell〉 = 0, depending on the initial
parameter estimates. In contrast, the nonane-core/D2O-shell
yields fit parameters that predict the droplet composition is
88 wt.% D2O and that the D2O condensate mass fraction is
more than twice that entering the nozzle.
An alternate way to interpret the spectra is to invoke
a mixed population of polydisperse spheres, i.e., a popula-
tion of pure nonane spheres and a second population of pure
D2O spheres. Figures 8(a)–8(c) illustrate typical results of fit-
ting the SAXS spectra using this assumption. The differences
between the three fits correspond to different imposed con-
straints. Imposing constraints is necessary because without
them the large number of adjustable parameters in this model
leads to multiple solutions. In Figure 8(a), both the amount
of nonane and the amount of D2O condensed are constrained
to equal those measured by FTIR, but the fit does not agree
well with the data (√χ2red = 24.5). When we relax one of the
constraints and allow the amount of D2O or nonane to vary
(Figures 8(b) and 8(c)), we get better agreement between the
data and the fits; in Fig. 8(b) √χ2red = 8.6 and in Fig. 8(c)√
χ2red = 8.0. In all cases, these fits suggest a population of
∼12 nm nonane droplets mixed with a population of smaller
D2O droplets, where the size and number density of the D2O
droplets is a strong function of the imposed constraint.
Although the mixed population fits are reasonably con-
sistent with both the SAXS and FTIR data, we are skepti-
cal that such a distribution of droplets can exist in our ex-
periments, since it requires either two nucleation events, or
significant droplet break-up to occur. Based on the analysis
presented in Pathak and co-workers23 we only observe one
nucleation pulse during co-condensation and in most cases
particle formation is dominated either by the nucleation of
D2O or by the nucleation of nonane. Given the very small rel-
ative droplet velocities and the low probability of droplet col-
lisions, droplet breakup is also considered to be an extremely
unlikely event. Finally, although mass balance is never vio-
lated in these fits, based on the preceding physical arguments
it is unlikely that our binary droplets exhibit a mixed popula-
tion distribution.
More realistic structures for these binary droplets are
based on DFT calculations and MD simulations of water-
nonane nanodroplets. DFT calculations30 for binary Yukawa
hard-sphere mixtures predict a binary droplet structure that
consists of a sphere of D2O with radius rD2O inside a larger
sphere of nonane with a radius rnonane but with the inner sphere
asymmetrically located close to the edge of the outer sphere.
We simplify this structure by assuming that the two spheres
touch each other at their periphery (θ c≈0◦), and calculate
the form factor for this sphere-in-sphere structure using scat-
tering theory. We further assume the droplet sizes follow a
Schulz distribution function with rnonane/rD2O held constant.
The overall polydispersity is σ /〈r〉 where both parameters are
evaluated for one of the species. Figure 9(a) illustrates the
best fit of this model to the data, and once again we see that
agreement between the fit and the experimental data is not
that good with √χ2red = 20.2. Furthermore, the amount of con-
densed nonane predicted using the fit parameters is 6% higher





























FIG. 10. ΦD2O and reduced chi-squared for different contact angles of a lens-
on-sphere model. The ΦD2O value of 8.9 × 10−7 obtained from FTIR is also
shown in the graph.
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FIG. 11. The values of N calculated assuming well-mixed droplets are very
close to those found assuming the droplets adopted a lens-on-sphere struc-
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FIG. 12. Guinier plot for the test case of D2O (pv0 = 704 Pa) and nonane
(pv0 = 325 Pa). The circles show the raw data and the line shows the fit
through the linear section of the data points.
above the values measured by FTIR. Conversely, the fraction
of D2O condensed is too low and the overall composition of
the droplets differs significantly from that measured by FTIR.
Nevertheless, the fit parameters found here are very similar to
those found for the first three mixed droplet structures listed
in Table II.
MD simulations by Hrahsheh and Wilemski18 find that
aqueous-nonane binary droplets adopt a lens-on-sphere model
where a spherical lens of nonane partly covers a “sphere” of
water. Although the water region in this structure is not truly a
sphere, since the water-nonane interfacial tension differs from
the air-water surface tension, the deviations are not large. If
we simplify this structure to assume that a sphere of nonane
touches a sphere of D2O on the outside (θ c≈180◦), we can
easily derive the form factor by modifying our earlier expres-
sion for the sphere-in-sphere case. To incorporate polydisper-
sity we again assume that the ratio rnonane/rD2O is constant as
rD2O varies. Although Figure 9(b) shows that this form fac-
tor fits the data well with √χ2red = 11.6, only 28% of the D2O
entering the nozzle condenses, a value that is rather low com-
pared to the 66% measured by FTIR. Furthermore, the amount
of nonane condensed is also 5% higher than that entering the
nozzle.
For the lens-on-sphere model, the MD simulations were
used to estimate the value of the contact angle θ c, which is
sensitive to the value used for the Lennard-Jones energy pa-
rameter εWN governing the water-nonane interaction. Early
simulation results of Hrahsheh and Wilemski18 based on the
standard Berthollet mixing rule value for εWN gave θ c val-
ues ranging from 70◦ to 80◦ in the temperature range 220
–250 K. When εWN was increased so that the value of the
nonane-water spreading coefficient was in reasonable agree-
ment with the experimental value, the θ c values dropped by
roughly a factor of 2 to 35◦– 40◦. As a result of this variabil-
ity, we used a range of θ c values from 40◦ to 120◦ in our fitting
efforts.
We first fit the scattering data to the scattering from a
polydisperse collection of particles with the lens-on-sphere
structure, with rnonane/rD2O held constant as rD2O was varied,
and a contact angle of 76◦. Figure 9 illustrates that the lens-
on-sphere model (√χ2red = 7.4) does a better job of fitting the
data than either the sphere-in-sphere or the sphere-on-sphere.
The parameters of this fit predict that 35% of the D2O and
TABLE III. The values of rG and I(0) derived using different analyses of SAXS spectra at nozzle exit for the nine cases of binary condensation.
Nonane D2O Lens-on-sphere (θ c = 76◦) Lens-on-sphere (θ c = 40◦) Guinier analysis Well-mixed spheres
pv0 (Pa) pv0(Pa) rG (nm) I(0) (cm−1) γ rG (nm) I(0) (cm−1) γ rG (nm) I(0) (cm−1) rG (nm) I(0) (cm−1)
319 357 11.6 0.34 2.98 11.8 0.33 3.10 11.2 0.30 11.6 0.31
311 538 11.7 0.39 2.65 12.0 0.38 2.76 11.5 0.34 11.6 0.36
325 704 12.0 0.45 2.34 12.3 0.45 2.42 12.0 0.39 11.6 0.42
487 364 16.3 1.22 3.83 16.4 1.22 3.90 15.3 1.06 16.3 1.18
487 538 15.2 1.10 3.01 15.4 1.09 3.10 14.7 0.98 15.0 1.05
489 714 15.3 1.15 2.73 15.5 1.14 2.83 14.7 0.99 14.9 1.09
618 367 23.5 4.70 4.73 23.5 4.70 4.82 22.4 4.08 23.6 4.86
622 547 18.3 2.24 3.72 18.4 2.24 3.80 17.3 1.96 18.3 2.18
621 718 17.7 2.08 3.24 17.9 2.07 3.33 16.9 1.80 17.5 2.01
224318-10 Pathak et al. J. Chem. Phys. 140, 224318 (2014)
TABLE IV. The values of g/gmax for nonane and D2O at the nozzle exit along with the aerosol composition, reported as weight percent D2O, for the nine sets
of experiments. FTIR results for pv0 = 618 Pa nonane and 367 Pa D2O show very little condensation of D2O which is difficult to quantify. This is the case
where nucleation and the subsequent droplet growth is dominated by nonane.
g/gmax (D2O) g/gmax (nonane) Weight percent D2O
Nonane D2O Lens-on-sphere Lens-on-sphere Lens-on-sphere
pv0 (Pa) pv0 (Pa) FTIR 76◦ 40◦ FTIR 76◦ 40◦ FTIR 76◦ 40◦
319 357 0.45 0.32 0.29 0.93 1.04 1.05 7.8 5.1 4.7
311 538 0.66 0.31 0.28 0.88 1.09 1.10 17 7.2 6.6
325 704 0.66 0.35 0.33 0.84 1.01 1.06 21 10 10
487 364 0.17 0.22 0.21 0.92 0.99 0.99 2.1 2.5 2.4
487 538 0.41 0.31 0.29 0.88 1.01 1.02 7.4 5.0 4.7
489 714 0.50 0.31 0.29 0.83 1.01 1.02 12 6.6 6.1
618 367 0 0.14 0.13 0.87 0.95 0.96 0 1.3 1.2
622 547 0.21 0.20 0.18 0.88 0.97 0.97 3.2 2.7 2.5
621 718 0.35 0.23 0.21 0.84 0.98 0.98 7.0 4.0 3.8
almost all of the nonane is condensed. The fit for θ c = 40◦
is not significantly different and is not illustrated here. The
parameters for both lens-on-sphere fits are given in the last
two lines of Table II.
We further examined the effect of varying θ c for the case
illustrated in Fig. 9. As illustrated in Figure 10, neither the
values of
√
χ2red nor the mass fraction condensate are that sen-
sitive to θ c, except near the extremes. Indeed, the value of θ c
that gives the best agreement with the FTIR results for the
mass fraction of D2O condensed is θ c = 76◦. The value of√
χ2red is maximized (20.2) when θ c is 0◦, suggesting this fit is
the worst for this class of droplet shapes. The value of √χ2red
decreases and remains close to ∼7 as θ c increases, reaching
a value of 11.6 when θ c is 180◦. In other words, all of the
structures that do not have spherical symmetry do a better job
at describing the scattering data than those that do.
In our recent paper23 examining nucleation in this
non-ideal binary system, we calculated the aerosol num-
ber density based on the assumption of well-mixed spheres.
Figure 11 illustrates that the values of N calculated from the
lens-on-sphere structures with θ c = 76◦ are very close to
those calculated from well-mixed fits. Thus, we confirm that
in these experiments droplet structure has little effect on our
earlier nucleation rate calculations.23
As for the unary droplet analysis, we also performed
a Guinier analysis for the binary droplets. As illustrated in
Fig. 12, the data at low q follow a straight line when lnI(q) is
plotted against q2. A fit yields the model independent values
for rG and I(0). For the lens on sphere structure, the Appendix
summarizes the equations that relate I(0) and rG to the model
parameters and the effective scattering length density.
For these structures, the expression for rG depends non-
linearly on R1, R2, and polydispersity whereas the expression
for I(0) depends linearly on N and nonlinearly on R1, R2,
and polydispersity. Here, R1 and R2 correspond to rnonane and
rD2O, respectively. Both expressions also depend on scattering
length density and contact angle of the lens on the sphere. For
our test case of D2O (pv0 = 704 Pa) and nonane (pv0 = 325
Pa), we find rG = 12.0 nm for θ c = 76◦ and 12.3 nm for θ c
= 40◦. These values are consistent with the direct measure-
ment of the Guinier slope which yields rG = 12.0 nm. The
value for I(0) from the full fits (θ c = 40◦ or 76◦) is 0.45 cm−1
a value that is ∼15% higher than the value 0.39 cm−1 that is
derived from the Guinier intercept. These two values are close
enough to suggest that the assumption that the droplets have
a lens-on-sphere structure is reasonable.
We then analyzed the SAXS spectra at the nozzle exit
for each of the remaining cases of binary condensation as-
suming lens-on-sphere structures using both the full fit with
θ c = 40◦ and 76◦, and the Guinier analysis. Table III summa-
rizes the results. Here, pv0 corresponds to the actual experi-
mental values rather than the nominal values shown in Table
I. In all cases there is good agreement between the two with
respect to rG and I(0). Moreover, these values are close to
those derived assuming the well-mixed spherical structures.
Finally, we calculated the droplet compositions obtained
from fits assuming the lens-on-sphere structures and com-
pared these values to the results obtained by FTIR. Table IV
compares gi/gmax,i for nonane and D2O and the droplet
compositions at the nozzle exit obtained from the lens-
on-sphere structures to those derived from FTIR. For
D2O, gD2O/gmax,D2O predicted by the lens-on-spheres struc-
ture is generally less than that measured by FTIR except for
the lowest pv0 values of D2O. In the test case of D2O (pv0
= 704 Pa) and nonane (pv0 = 325 Pa), the FTIR mea-
surement of gD2O is higher than that from the fit of the
SAXS spectra to the lens-on-sphere structures. For nonane,
the gnonane/gmax,nonane values derived from the SAXS fitting are
10%–20% higher than those measured by FTIR. At times the
amount of nonane condensed is up to 9% higher than that en-
tering, thereby violating mass balance. The final column is the
weight percent of D2O in the droplet. In all cases more nonane
condenses than D2O. Our observation is consistent with re-
sults reported by van Dongen and co-workers,32, 33 who also
observed that once either nonane or D2O nucleates, the sub-
sequent droplet growth is dominated by nonane and not by
D2O.
V. SUMMARY AND CONCLUSIONS
By analyzing the SAXS spectra of nonane-D2O nan-
odroplets, we gained insight into the possible structures
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adopted by these highly immiscible species. The nonane
lens-on-D2O sphere structure provided a better fit to the
SAXS spectra than other droplet structures investigated in-
cluding core-shell structures or sphere-in-sphere structures.
After determining the droplet structure, we also performed
a Guinier analysis. The consistency between the Guinier re-
gion and the full fit regarding rG and I(0) is encouraging, but
we note that I(0) and rG are relatively insensitive to droplet
structure. The overall droplet composition is also measured
from FTIR experiments and the amount of D2O predicted
from the SAXS analysis is generally less than that measured
by FTIR. Also, the amount of nonane condensed predicted by
SAXS analysis is at times higher than that entering the nozzle,
thereby violating mass balance. Nevertheless, the resultant
aerosol compositions derived from the lens-on-sphere struc-
ture were more consistent with the FTIR data than the other
structures.
The analysis of the SAXS data is difficult because the
scattering length density of D2O is only about 20% higher
than that of nonane which results in reduced contrast between
the D2O-rich and nonane-rich parts of the droplet. However,
we are confident that the “real” droplet structure is closest to
the lens-on-sphere model among all the structures discussed
in this paper. Complementary small angle neutron scattering
(SANS) experiments could help elucidate the structure more
accurately because D2O and nonane have much different scat-
tering length density with respect to neutrons as opposed to
X-rays.
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APPENDIX: THE FORM FACTOR AND GUINIER
ANALYSIS FOR THE LENS-ON-SPHERE STRUCTURE
Figure 13 is an illustration for a lens-on-sphere structure.
The sphere has a radius R2 and the spherical lens has a radius
R1. The distance between the centers of the lens and sphere
is d. θ c is the angle of contact of the lens on the sphere. The
scattering length density of the sphere is ρb2, for the lens it is
ρb1 and that of the surroundings is ρb3. The scattering length
density differences are defined as
ρb1 = ρb1 − ρb3, (A1)
ρb2 = ρb2 − ρb3. (A2)
The distance between the centers of the lens and the sphere is
defined by




FIG. 13. An illustration of the lens-on-sphere structure.
1. Form factor for the lens-on-sphere structure
The form factor for the lens on sphere structure29 is given
by
p(q) = f 22 + πρb1f2
∫ π
0




[(C1(θ ) − C2(θ ))2
+(S1(θ ) − S2(θ ))2] sin θdθ. (A4)
The terms on the right hand side of Eq. (A4) represent scat-
tering from the various parts of the lens-on-sphere structure.
The first term, f2 is the scattering due to the D2O sphere. The
third term represents scattering from the nonane lens and the
second term represents the interference term between the D2O
sphere and the nonane lens. The expression for f2 is given by
f2 = 3ρb2V2 sin(qR2) − qR2cos(qR2)(qR2)3 , (A5)
where V2 is the volume of the D2O sphere and q is the magni-
tude of the scattering vector. The expressions in Eq. (A4) are
given by







R21 − z2J1(u1) cos[qμ(z + d)]dz,
(A6)







R22 − z2J1(u2) cos[qμz]dz,
(A7)







R21 − z2J1 (u1) sin[qμ(z + d)]dz,
(A8)







R22 − z2J1(u2)sin[qμz]dz. (A9)
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Here, J1 is the Bessel function of the first order,










R21 − z2. (A12)
The lower limits of integration in Eqs. (A6)–(A9) are given
by
z1 = R1 cos ψ, (A13)
z2 = d + R1 cos ψ = R2 cos φ, (A14)
where
cos ψ = (R2 cos θc − R1)/d, (A15)
cos φ = (R2 − R1 cos θc)/d. (A16)
2. Guinier analysis for the lens-on sphere structure
In Guinier analysis, we look at the behavior of the scat-
tering intensity I(q) at small values of scattering vector q. The
plot of ln(I) vs q2 is linear with a slope proportional to rG2 and
intercept proportional to N. The Guinier plot equation in the
region where qrG 	 1 is
ln I (q) = ln I (0) − q2r2G/3. (A17)
We derived an explicit expression for I(0) using Eq. (3.7) of
Ref. 26 for a distribution of binary droplets characterized by























L(α) = (2 − 3 cos α + cos3 α)/4, (A19)
cos ψl = (R2l cos θc − R1l)/dl, (A20)
cos φl = (R2l − R1l cos θc)/dl, (A21)
d2l = R21l + R22l − 2R1lR2l cos θc. (A22)
We simplified this result by substituting R1 = γR2 to obtain









ρ2bI = ρ2b2 + 2ρb1ρb2[γ 3〈L(ψ)〉 − 〈L(φ)〉]
+ρ2b1[γ 6〈L2(ψ)〉
−2γ 3〈L(ψ)L(φ)〉 + 〈L2(φ)〉]. (A24)
The angle brackets 〈〉 define an average using the Schulz prob-
ability density function. Equation (A23) looks like an expres-
sion for scattering from polydisperse spheres with an effec-
tive scattering length ρbI that weakly depends on the droplet
radii.
Using Eq. (3.8) of Ref. 26 (note that a factor I(0)−1 is
missing in that equation), we also derived the following ex-














×{ρb2R52l + ρb1[R51lM(ψl) − R52lM(φl)]}, (A25)
where the function M(α) is defined as
M(α) = (4 − 5 cos α + cos5α)/8. (A26)
After substituting R1 = γR2, this result simplifies to the fol-










ρ2bG = ρ2b2 + ρb1ρb2[γ 5〈M(ψ)〉 + γ 3〈L(ψ)〉
−〈L(φ)〉 − 〈M(φ)〉] + ρ2b1[γ 8〈L(ψ)M(ψ)〉
−γ 5〈L(φ)M(ψ)〉−γ 3〈L(ψ)M(φ)〉+〈L(φ)M(φ)〉].
(A28)
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